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KEY WORDS Abstract  As one of the hallmarks of cancer, metabolic reprogramming leads to cancer progression, and
targeting glycolytic enzymes could be useful strategies for cancer therapy. By screening a small molecule

Drug repurposing; library consisting of 1320 FDA-approved drugs, we found that penfluridol, an antipsychotic drug used to

Mi::)br(;l;amming; treat schizophrenia, could inhibit glycolysis and induce apoptosis in esophageal squamous cell carcinoma
Glycolysis; (ESCCQ). Gene profiling and Ingenuity Pathway Analysis suggested the important role of AMPK in action
PFKL: mechanism of penfluridol. By using drug affinity responsive target stability (DARTS) technology and
DARTS technology; proteomics, we identified phosphofructokinase, liver type (PFKL), a key enzyme in glycolysis, as a direct
Esophageal cancer; target of penfluridol. Penfluridol could not exhibit its anticancer property in PFKL-deficient cancer cells,
Penfluridol illustrating that PFKL is essential for the bioactivity of penfluridol. High PFKL expression is correlated

with advanced stages and poor survival of ESCC patients, and silencing of PFKL significantly suppressed
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tumor growth. Mechanistically, direct binding of penfluridol and PFKL inhibits glucose consumption,
lactate and ATP production, leads to nuclear translocation of FOXO3a and subsequent transcriptional
activation of BIM in an AMPK-dependent manner. Taken together, PFKL is a potential prognostic
biomarker and therapeutic target in ESCC, and penfluridol may be a new therapeutic option for manage-

ment of this lethal disease.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer cells exhibit metabolic reprogramming to provide suf-
ficient energy and biosynthesis for cell proliferation, invasion
and migration'. The phenomenon that tumor cells rely on
glycolysis to provide energy is called Warburg effect, which is
the main form of metabolic reprogramming in cancer’. Based
on the metabolic differences between tumor and normal cells,
targeting enzymes involved in the glycolytic pathway may
offer a therapeutic window to modulate cancer metabolism and
suppress cancer progression’. Compared with target-based
discovery of lead compounds, drug repositioning is a strategy
for identifying new indication for existing drugs. Drug repo-
sitioning is a growing trend because of its high efficiency,
shorter duration of development, low-cost and decreased risk of
failure. In this study, by screening a small molecule library
consisting of 1320 US Food and Drug Administration (FDA)-
approved drugs, we identified penfluridolas a novel anticancer
agent. Penfluridol is a first-generation diphenylbutylpiperidine
used in clinic for the treatment of schizophrenia. According to
our knowledge, the anticancer bioactivity of penfluridol in
esophageal cancer and the mechanisms involved remain
unknown.

The investigation on the action mechanims of drugs is vital to
their clinical implication. In this study, RNA sequencing (RNA-
seq) and bioinformatic analysis suggested the involvement of
AMP-activated protein kinase (AMPK) signaling in the anticancer
effect of penfluridol. As a classical energy sensor, AMPK is
activated under conditions of energy stress, when intracellular
ATP level declines and intracellular AMP increases, as occurs
during nutrient deprivation or hypoxia®™’. A great deal of evidence
points to a role for AMPK as an inhibitor of tumorigenesis’, which
induces nuclear translocation and transcriptional activation of
FOXO3a, as well as increased BIM expression®’. Discovery of
drugs targeting AMPK/FOXO3a/BIM and the potential as anti-
cancer agent warrant investigation.

Drug affinity response target stability (DARTS) is an efficient
method for identifying targets proteins of small molecules. The
interaction between small molecules and proteins protects the target
proteins from being digested by protease, and then identified by mass
spectrometry®®. Here, by using DARTS technology and mass
spectrometry-based proteomics, we identified phosphofructokinase,
liver type (PFKL) as a direct target of penfluridol. During the first
committed step of glycolysis, phosphofructokinase-1 (PFK-1) cata-
lyzes the phosphorylation of fructose 6-phosphate to fructose 1,6-
bisphosphate (FBP), which is irreversible'®'!. Thus, PFK-1 is an
important control point in the glycolytic pathway, and this enzyme is
widely held to dictate the pace of glycolytic flux. There are three
forms of PFK-1 in human, named PFK-M (muscle), PFK-L (liver)
and PEK-P (platelet)'”. Accumulating evidence indicated that PEKL

participated in the development of cancer™'*'*. However, whether
PFKL contributes to tumorigenesis in esophageal squamous cell
carcinoma (ESCC) is unclear.

In this study, by performing gain- and loss-of-function exper-
iments and a series of functional assays, we examined the anti-
cancer property of penfluridol and the functional and clinical
significance of PFKL in ESCC. The pharmacological mechanism
whether penfluridol suppresses Warburg effect and tumorigenesis
through regulation of AMPK/FOXO3a/BIM signaling pathway
was investigated.

2. Materials and methods

2.1.  Cell culture and drugs

The human ESCC cell lines, KYSE30, KYSE150, KYSE270 were
obtained from DSMZ (Braunschweig, Germany), and cultured in
RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; ExCell Bio,
Shanghai, China) at 37 °C in 5% CO,. Penfluridol and compound
C were obtained from Selleck Chemicals (Huston, TX, USA). The
2-deoxy-p-glucose (2-DG) was obtained from Merck (Burlington,
MA, USA).

2.2, Tissue microarray and immunohistochemistry

Immunohistochemistry was performed as described previously'”.
The expression of PFKL was analyzed in the tissue microarray
including 206 ESCC tissues and 135 corresponding normal tissues
(Shanghai Outdo Biotech, Shanghai, China). In brief, the tissue
microarray was incubated with PFKL antibody (1:100 dilution,
GeneTex, Alton Pkwy Irvine, CA, USA) overnight at 4 °C fol-
lowed by corresponding biotinylated secondary antibody. For
scoring, each microarray core was categorized into four groups:
score 1 (negative), score 2 (weakly positive), score 3 (moderately
positive), and score 4 (strongly positive).

2.3.  Plasmids, transfection and site-directed mutagenesis

The coding sequence of human PFKL was cloned into
pcDNA3.1 vector (Transheep, Shanghai, China). The mutant#1
construct with mutaions in Thr-193 and Gln-197, the mutant#2
construct with mutaions in Asp-226, Arg-253 and Leu-257, and
the mutant#3 construct with mutaions in His-453 and Ala-456,
were created using the Fast Mutagenesis System (TransGen
Biotech, Beijing, China). The plasmids were transfected into
ESCC cells by Lipofectamine 3000 (Thermo Fisher Scientific),
and transfection and establishement of stable cell lines were
performed as previously described'®. Wild-type and mutant BIM
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promoter were cloned into pGL3 vector (Promega, Madison,
WI, USA), respectively. Small interference RNAs (siRNAs)
against FOXO3a (Transheep) were transfected into KYSE150
and KYSE270 cells by Lipofectamine 3000 (Thermo Fisher
Scientific). The sequences of primers for cloning and mutation
are listed in Supporting Infromation Table S1, and the sequences
of siRNAs for FOXO3a are listed in Supporting Inforamtion
Table S2.

2.4.  Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) genome editing

The PFKL-knockout cell lines were established with CRISPR/
Cas9 techonology as previously described'’. In brief, the pLen-
tiCRISPR/Cas9 V2 vector expressing the sgRNA targeting PFKL
was transfected into 293T cells, the virus-containing culture su-
pernatant was collected to infect ESCC cells and puromycin was
used to select PFKL-deficient cells. Successful knockout of PFKL
was validated by Western blotting and genomic DNA sequencing.
The sequences of sgRNA are as followed, sgPFKL#1: ACT-
TACCAGGATCCGGTCGA; sgPFKL#2: TTGGCCTTACCTC
GTAGATG.

2.5.  Cell viability assay

Cell viability was measured according to the manufacturer’s in-
structions'®. Cells were seeded in a 96-well plate and treated with
different treatments of penfluridol. WST-1 (Beyotime, shanghai,
China) was added and placed at 37 °C for 1 h, and the absorbance
at 450 nm was quantified by an automated microplat spectro-
photometer (BioTek Instruments, Winooski, VT, USA).

2.6.  Colony formation assay

ESCC cells were seeded in 6-well plates and cultured for two
weeks, the cells were washed with phosphate buffered saline
(PBS), fixed with methanol for 15 min, then stained with crystal
violet (0.1%) for 15 min, and finally counted for analysis.

2.7.  Cell apoptosis assay

Cell apoptosis was determined by the Annexin V-FITC/PI
Apoptosis Detection Kit (KeyGen, China)'®. In brief, cells sus-
pended in PBS were stained with Annexin V-FITC and PI for
20 min in dark. Apoptosis was analyzed on a BD Accuri C6 flow
cytometer (BD Biosciences, San Diego, CA, USA).

2.8.  Seahorse assay

The real-time extracellular acidification rate (ECAR) and ox-
ygen consumption (OCR) were measured using the Seahorse
XF Glycolysis Stress Test Kit or Seahorse XF Cell Mito Stress
Test Kit on the Seahorse XF 96 Extracellular Flux Analyzer
(Seahorse Bioscience, North Billerica, MA, USA) according to
the manufacturer’s introductions. In brief, 1 x 10* ESCC cells
were plated in XF96 cell culture microplates and treated with
penfluridol. Glucose, oligomycin, and 2-deoxy-glucose were
used to determine ECAR value, whereas oligomycin, carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and rote-
none were used to measure OCR.

2.9.  Measurement of glucose consumption, lactate production
and ATP production

Glucose colorimetric/fluoroetric assay kit, p-lactate colorimetric
assay kit, ATP assay kit were used to determine glucose con-
sumption, lactate production, and ATP production respectively,
according to the manufacturer’s protocols (BioVision, Milpitas,
CA, USA). In brief, ESCC cells were seeded into 6-well plates
and treated with penfluridol for 24 h. After starve and replacement
of new medium, the glucose content in the supernatant was
determined according to the manufacturer’s instructions.

2.10. RNA sequencing (RNA-seq) and ingenuity pathway
analysis (IPA)

RNA-seq was performed at the Beijing Genomics Institute Tech
(Shenzhen, China). Compared with the control group, the differ-
entially expressed genes (fold change>2.0) were subjected to IPA
analysis (Ingenuity Systems, Redwood City, CA, USA) for
pathway enrichment.

2.11.  Western blotting

Preparation of cell lysates and protocol of Western blotting were
described previously®®. In brief, the mixture of cell lysates and
loading buffer was boiled and loaded into sodium dodecyl sulfate
polyacrylamide gel for electrophoresis. The protein was trans-
ferred to polyvinylidene fluoride membrane, and blocked with 5%
fat-free dry milk in Tris-buffered saline Tween-20. After incuba-
tion with primary antibody for 1—2 h at room temperature, the
membrane was washed with Tris-buffered saline Tween-20 and
probed with corresponding horseradish peroxidase-conjugated
secondary antibody for 1 h at room temperature. Signals were
detected with Clarity Western ECL Substrate Kit (Bio-Rad, Her-
cules, CA, USA). The primary antibodies used included AMPK
(1:1000 dilution), p-AMPK (1:1000 dilution), p-p70S6 (1:1000
dilution), caspase-3 (1:1000 dilution), cleaved caspase-3 (1:300
dilution) and BIM (1:1000 dilution) from Cell Signaling Tech-
nology (Beverly, MA, USA), FOXO3a (1:1000 dilution), GAPDH
(1:1000 dilution) and Lamin B (1:1000 dilution) from Proteintech
(Chicago, IL, USA), actin (1:1000 dilution) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and PFKL (1:1000 dilu-
tion) from GeneTex.

2.12.  Immunofluorescence

The immunofluorescence was performed as described previ-
ously”'. Cells were fixed with 4% paraformaldehyde for 10 min
and treated with 0.1% Triton-100 for 10 min, then blocked with
5% BSA for 1.5 h. The cells were incubated with the primary
antibody against FOXO3a overnight at 4 °C, and then the fluo-
rescent secondary antibody was added at room temperature for
1.5 h. After DAPI counterstaining, the images were collected by
laser scanning confocal microscopy.

2.13.  Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was extracted using Trizol (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Reverse transcription
was performed using PrimeScript II first Strand cDNA Synthesis
Kit (Takara, Dalian, China). Quantitative PCR was performed
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using SYBR Premix Ex Taqll (Takara) on a Bio-Rad Mini Opti-
con real-time PCR system. The primers used were: 5'-CAA-
GAGTTGCGGCGTATTGGAG-3 (forward) and 5'-
ACACCAGGCGGACAATGTAACG-3' (reverse).

2.14.  Dual luciferase reporter assay

The dual luciferase reporter assay was performed according to the
manufacturer’s instructions®”. The plasmids expressing the wild-
type or mutant BIM promoter region were cotransfected into
ESCC cells with the pRL-TK (Promega) in presence or absence of
penfluridol, and luciferase activity was measured by using a Dual-
Luciferase Reporter Assay System (Promega).

2.15.  Chromatin immunoprecipitation (ChIP) assay

ChIP assay was carried out by using SimpleChIP Enzymatic
Chromatin IP kit (Cell Signaling Technology) according to man-
ufacturer’s protocol. In brief, cells were fixed with formaldehyde
for protein—DNA corsslinking, followed by sonication. The su-
pernatant was mixed with FOXO3a antibody or negative control
IgG antibody, and incubated at 4 °C overnight. ChIP-grade protein
G agarose beads were added to each reaction and incubated at
4 °C for 2 h with rotation. After washing, DNA was purified with
the elution buffer and subjected to qPCR analysis. The primers
used were: 5'-GTGGGGGATGGGCGCGCA-3' (forward); 5'-
CTGGGTTGCCTCCCGCGC-3' (reverse).

2.16. DARTS assay

Cell lysates were incubated with penfluridol for 30 min at room
temperature, followed by proteinase K treatment for 5 min, and
terminated with sodium deoxycholate (Sigma—Aldrich, St. Louis,
MO, USA). Proteins were identified by mass spectrometry and
bioinformatic analyses.

2.17.  Mass spectrometry and bioinformatic analyses

Mass spectrometry-based proteomics was performed as previously
described'”. The protein was digested with trypsin, desalted by
MonoTIPTM C18 pipette tip (GL Sciences, Tokyo, Japan) and
resuspended in anhydrous acetonitrile solution. The peptides were
analyzed by Orbitrap Fusion Lumos mass spectrometer (Thermo
Fisher Scientific), and Spectronaut software (Omicsolution Co.,
Ltd., Shanghai, China) was used to analyze the data.

2.18.  PFKL activity assay

The activity of PFKL was determined by Phosphofructokinase test
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. ESCC cells were
treated with penfluridol for 24 h, and suspended in extract buffer.
After centrifuge, the supernatant was applied for activity detec-
tion. The absorbance at 340 nm was measured by the microplate
spectrophotometer (BioTek Instruments, Winooski, VT, USA).

2.19. FBP assay

FBP assay was carried out by using FBP detection kit (Suobio,
Shanghai, China) according to manufacturer’s protocols. Briefly,
cell and tissue lysates were incubated with 20 pL lysis buffer and
reaction reagents sequentially at 37 °C for 1 h, and then the FBP

level was quantified by measuring the absorbance of the solution
at 540 nm.

2.20.  Surface plasmon resonance (SPR)

A Biacore X100 system (GE Healthcare Life Sciences, Marl-
borough, MA, USA) was used to detect the interaction between
PFKL and penfluridol as described previously'®. Briefly, PFKL
protein was immobilized on an active CM7 chip (GE Healthcare
Life Sciences). Different concentrations of penfluridol was dis-
solved in the running buffer and passed over the chip at a certain
flow rate, and the K4 value was analyzed.

2.21.  Molecular docking

Yinfo Cloud Platform (https://cloud.yinfotek.com) was used to
simulate the binding of PFKL and penfluridol according to the
instructions. The PFKL protein modeling was obtained from the
protein databank (PDB, http://www.rcsb.org).

2.22.  Tumor xenograft experiments

Female BALB/c nude mice aged 6—8 weeks were maintained
under standard conditions and cared for according to the institu-
tional guidelines for animal care. All the animal experiments were
approved by the Ethics Committee for Animal Experiments of
Jinan University. ESCC cells resuspended in PBS were mixed
with Matrigel (BD Biosciences) in equal volume, then subcuta-
neously injected into the flanks of nude mice. The tumor size of
mice was measured every three days, and tumor volume was
calculated using Eq. (1):

V = (Length x Width?)/2 1)

When the diameter of tumors reached ~5 mm, the mice were
divided into different groups for treatment. At the end of experi-
ments, the mice were sacrificed, and the tumors and major organs
of mice were collected for further analyses.

2.23.  Patient-derived xenograft (PDX) model

The fresh tumor tissues isolated from the ESCC patients were cut
into small pieces about 1 mm® in a sterile environment, and then
subcutaneously inoculated into the NOD-Prkdc*'-J12rge™'"PMO
mice (Beijing IDMO Co., Ltd., Beijing, China). Informed consent
was obtained from all patients. When the tumor size reached
~5 mm, the mice were divided into two groups and treated with
penfluridol or vehicle, and the tumor size was measured every five

days.

2.24.  Catalepsy

The duration when animals maintain an imposed position reflects
catalepsy and was measured by the high bar test, as previously
described®. Briefly, the mice were retained in an imposed position
with their forelimbs resting on a horizontal bar (diameter: 0.5 cm)
that was 4 cm above the benchtop, while their hindlimbs on the
benchtop. After the mice were released, the latency they removed
both front paws from the bar (i.e., the end point of catalepsy) was
videotaped and analyzed by a treatment-blind observer manually.
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A mouse is considered cataleptic if it maintains the imposed
posture longer than 30 s>,

2.25. Akinesia

The difficulty for animals in initiating urgent movement reflects
akinesia and was assessed with the method as reported before™*°.
In brief, each mouse was initially acclimatized to the test envi-
ronment for 5 min on the surface of a wooden elevated platform
(Iength & width: 40 cm; height: 30 cm). The latency of a mouse to
move all its four limbs was videotaped and analyzed by a

treatment-blind observer manually.

2.26.  Locomotor activity

The locomotor activity of mice was determined by the open field
test following the routine protocol’’*®. Briefly, the mice were
placed in a noise-free and low-illuminating laboratory environ-
ment to acclimatize for 2 h, and then carefully transferred to the
center of a plastic arena (length & width & height: 50 cm) divided
equally into 25 square zones (10 cm x 10 cm). The trajectory of a
mouse was videotaped for 6 min and automatically analyzed with
the EthoVision software (Noldus Information Technology,
Wageningen, Holland) for locomotor activity-related parameters,
including the total moving distance, the mean velocity, and the
number of zone-crossing. After each test, the residual odor was
removed by 75% ethanol.

2.27.  Statistical analysis

The data were expressed as the mean + SD and significant dif-
ferences were calculated by t-test. The P values < 0.05 were
considered to be significantly different. GraphPad Prism Software
7.0 was used for statistical analyses.

3. Results

3.1. Antipsychotic drug penfluridol exhibits anticancer property
in vitro and in vivo

To discover the new indication in oncology of existing drugs, we
screened a small molecule library consisting of 1320 FDA-
approved drugs. ESCC cells were treated with the 1320 com-
pounds individually or DMSO as a control for 48 h, and cell
viability was measured to evaluate the effect of small molecule
compounds (Fig. 1A, Supporting Infroamtion Table S3). After-
wards, a literature study was conducted on the 44 candidate drugs
with significant inhibitory efficiency (>70%) on cancer cell
growth (Supporting Inforamtion Table S4). Among the candidate
compounds which have rarely been linked to cancer treatment but
exerted strong anticancer bioactivity in our screening assay, pen-
fluridol, a first-generation diphenylbutylpiperidine antipsychotic,
drew out great attention and became the focus of this study
(Fig. 1B). In order to verify the anticancer property of penfluridol,
KYSE30, KYSE150 and KYSE270 cells were treated with
different concentrations of penfluridol (up to 10 umol/L) for 24,
48 and 72 h, respectively. As shown in Fig. 1C, penfluridol
inhibited the proliferation of ESCC cells in a dose- and time-
dependent manner. The colony formation assay proves that the
ability of ESCC cells to form colonies were significantly weak-
ened by penfluridol (Supporting Informaiton Fig. S1A). We also

performed annexin V-FITC/PI staining on the cells treated with
penfluridol, and the results show that penfluridol induced
apoptosis of ESCC cells in a dose-dependent manner (Fig. 1D),
which was also evidenced by increased expression level of cleaved
caspase-3 (Fig. 1E). Furthermore, we determined whether pen-
fluridol could exhibit anticaner bioactivity in other cancers. The
results from WST-1 and colony formation assays show that pen-
fluridol significantly inhibited cell proliferation in colorectal
cancer and liver cancer (Fig. S1B and S1C).

We next examined the therapeutic potential of penfluridol in
ESCC treatment in animals. Tumor xenografts were established by
subcutaneously injecting KYSE270 cells into flanks of nude mice,
and the mice were treated with penfluridol or vehicle control. As
shown in Supporting Information Fig. S2A, penfluridol treatment
led to a significant decrease of tumor volume in a dose-dependent
manner, with decreases of 47.1% and 62.1% in the groups
receiving 9 and 18 mg/kg of penfluridol, respectively, twice a
week. This was confirmed by reduced Ki-67 proliferation index in
penfluridol-treated tumors (Fig. S2B). More importantly, when the
dosage was reduced to 18 mg/kg once a week, which is equal to
the dosage for treatment of schizophrenia in humans, penfluridol
also significantly inhibited the growth of tumor xenografts derived
from KYSE30 and KYSE270 cells, respectively (Fig. 1F). The
Ki-67 immunohistochemical staining and the changes of cleaved
caspase-3 indicated that penfluridol induced apoptosis and sup-
pressed tumor cell proliferation (Fig. 1G and H). No significant
change in body weight of mice was observed in the treatment
group, compared with the control group (Fig. S2C). Penfluridol
treatment did not exert toxic effects on the vital organs of mice,
indicated by histological examination of liver, kidney, and lung
(Fig. S2D). To ensure the safety of penfluridol application in the
current study, we conducted several behavioral tests to assess
catalepsy, akinesia, and locomotor activity between the drug-
treated and the control mice. As shown in Fig. S2E, the latency
to the end of catalepsy, the latency to initiate urgent movement,
and the locomotor activity were comparable between the two
groups. These results suggest that applying penfluridol with the
designated protocol did not elicit significant effect on behavioral
phenotypes in mice. Collectively, our data reveal that antipsy-
chotic drug penfluridol is a potential anticancer agent.

3.2. Penfluridol inhibits glycolysis in ESCC cells

Different from normal differentiated cells, which depend on the
oxidative phosphorylation to provide energy, cancer cells prefer to
aerobic glycolysis®. To determine the effect of penfluridol on
glycolysis, the Seahorse glycolytic rate assay was performed in
KYSE150 and KYSE270 cells treated with penfluridol. As shown
in Fig. 2A, penfluridol markedly repressed the glycolysis and
glycolytic capacity of KYSE150 and KYSE270 cells, reflected by
ECAR, whereas only exerted a relatively moderate effect on
oxidative phosphorylation, indicated by OCR assay (Supporting
Information Fig. S3). Moreover, the glucose consumption and
intracellular lactate production were significantly decreased when
ESCC cells were exposed to penfluridol (Fig. 2B), and the similar
change applied for ATP generation (Fig. 2C).

3.3. IPA uncovers the involvement of AMPK singaling in the
anticancer mechanism of penfluridol

To explore the molecular mechanisms how penfluridol inhibits
tumorigenesis, RNA-seq was used to compare gene profiles of the
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Figure 1

Penfluridol inhibits esophageal squamous cell carcinoma (ESCC) cell proliferation and tumor growth in vitro and in vivo. (A)

Schematic diagram showing the approach to screen the anti-tumor drugs from the US Food and Drug Administration (FDA)-approved small
molecule library. (B) KYSE270 cells were treated with 1320 drugs (10 pmol/L) individually for 48 h and subjected to WST-1 assay. (C) Cell
viability of KYSE30, KYSE150, KYSE270 cells treated with indicated concentrations of penfluridol (up to 10 pmol/L) was determined. (D) Flow

cytometry analysis showing the apoptosis of KYSE30, KYSE150 and
caspase-3 and cleaved caspase-3 were detected in ESCC cells treated

KYSE?270 cells in the presence of penfluridol. (E) The expression levels of
with penfluridol. (F) Mice bearing KYSE30-and KYSE270-derived tumor

xenografts were given penfluridol (18 mg/kg) once a week (n = 6). (G) Penfluridol treatment significantly inhibited Ki-67 proliferation index in
KYSE30 and KYSE270 tumor xenografts (n = 3). (H) Comparison of cleaved caspase-3 and caspase-3 expression in the KYSE30 and KYSE270
tumor xenografts treated with penfluridol or vehicle by Western blotting. Data are mean & SD; *P < 0.05; **P < 0.01; ***P < 0.001 compared to

control group.

ESCC cells treated with penfluridol (10 pmol/L) and DMSO. A
total of 1539 differentially expressed genes were found in
penfluridol-treated ESCC cells (fold change > 2, P < 0.05), of
which 573 were upregulated and 966 were downregulated. IPA
was used to analyze the differentially expressed genes to identify
the signaling pathways that may be involved in the mechanisms of

action of penfluridol. As shown in Fig. 3A, AMPK signaling, a
well-recognized cellular energy sensor which can be activated by
energy stress’’, may play an important role in the anticancer
bioactivity of penfluridol. The results from Western blotting
confirm that penfluridol increased p-AMPK expression, and
decreaed expression level of p-p70S6, the downstream molecules
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in KYSE150 and KYSE270 cells. (B) and (C) The glucose consumption, and production of lactate and ATP were measured in the presence or
absence of penfluridol. Data are mean + SD, n = 3; *P < 0.05; **P < 0.01; ***P < 0.001 compared to control group.

of AMPK pathway in ESCC cells (Fig. 3B). To investigate the role
of glycolysis in AMPK activation, glycolytic inhibitor 2-DG was
used in ESCC cells. The WST-1 and Western blotting assays
indicated that 2-DG induced the activation of AMPK signaling
and suppressed ESCC cell proliferation (Fig. 3C and D). To
determine whether AMPK pathway is responsible for the anti-
cancer bioactivity of penfluridol in ESCC, KYSE150 and
KYSE270 cells were treated with penfluridol in presence or
absence of compound C, a specific AMPK inhibitor. The data
from WST-1, Western blotting and flow cytometry assays indicate
that the increased apoptosis and decreased proliferation in
penfluridol-treated ESCC cells were significantly abrogated by
AMPK inhibition (Fig. 3E—G). These findings demonstrate that
AMPK plays a critical role in the anticancer bioactivity of pen-
fluridol in ESCC cells.

3.4.  Penfluridol activates the AMPK/FOXO3a/BIM signaling to
induce apoptosis in ESCC cells

Our Western blotting data show that penfluridol not only induced
nuclear accumulation of FOXO3a (Fig. 4A), a downstream target of
AMPK pathway’'**, but also induced expression of BIM, a proap-
optotic protein (Fig. 4B). Since FOXO3a has been reported to
function as a transcription factor to activate BIM expression®**, we
postulated that AMPK/FOXO3a/BIM regulatory axis is required for
the anticancer bioactivity of penfluridol. To verify our hypothesis,
the subcellular distribution of FOXO3a in ESCC cells was detected
by immunofluorescence staining. As shown in Fig. 4C, the nuclear
localization of FOXO3a, which was required for its functional role as
transcription factor, was increased by penfluridol compared to the
control group. In addition, KYSE150 and KYSE270 cells were
transfected with the pGL3 plasmid expressing promoter region of
BIM, and treated with penfluridol or DMSO control. The results from
gRT-PCR and dual luciferase reporter assays showed that penfluridol
significantly enhanced the transcriptional activity of BIM promoter
and mRNA expression level of BIM in a dose-dependent manner
(Fig. 4D and E). Moreover, ChIP assay was performed to verify the
binding of FOXO3a to BIM promoter. The results proved that
FOXO3a directly binds to BIM promoter, which could be enhanced
by penfluridol treatment (Fig. 4F). When the binding sites critical for
the interaction between FOXO3a protein and BIM promoter were

mutated (Fig. 4G), penfluridol could not affect the transcriptional
activity of BIM promoter (Fig. 4H). Furthermore, the results from
WST-1 and Annexin V-FITC/PI staining assays indicated that
silencing of FOXO3a with siRNAs signficantly abrogate the effect of
penfluridol on apoptosis and proliferation of ESCC cells (Supporting
Informaiton Fig. S4). To investigate the role of AMPK in the regu-
lation of FOXO3a/BIM axis by penfluridol, immunofluorescence
staining and Western blotting were performed to detect subcellular
localization of FOXO3a in the ESCC cells treated with penfluridol in
presence or absence of compound C. As shown in Fig. 4] and J, in-
hibition of AMPK with compound C markedly attenuated the effect
of penfluridol on nuclear translocation of FOXO3a. And the results
from Western blotting (Fig. 4K) and luciferase reporter assay
(Fig. 4L) further confirm that the activation of AMPK by penfluridol
enhanced the nuclear accumulation of FOXO3a, transcriptionally
increased BIM expression to induce apoptosis. Thererfore, AMPK/
FOXO3a/BIM signaling mediates the anticancer effect of pen-
fluridol in ESCC cells.

3.5.  High expression of PFKL contributes to tumorigenesis and
can predict poor prognosis in ESCC

In order to further explore the direct targets of penfluridol in
cancer cells, we combined DARTS technology and mass spec-
trometry to search for the binding proteins of penfluridol
(Fig. 5A). Interestingly, phosphoglycerate mutase 1 (PGAM1),
alidoase, fructose-bisphosphate C (ALDOC), PFKL, phospho-
glycerate (PGK1), phosphoenolpyruvate carboxykinase 2, and
mitochondrial (PCKGM) were identified as putative targets of
penfluridol (Fig. 5B). These candidate proteins are important for
cancer cell metabolism'®?°7* which may explain the molec-
ular mechanisms how penfluridol inhibits glycolysis in ESCC
cells. By using CRISPR/Cas9 technology, we generated the
ESCC cell lines deficient in PGAMI1, ALDOC, PFKL, PGK1,
PCKGM, respectively, and determined their sensitivity to pen-
fluridol treatment. Note that penfluridol significantly inhibited
cell proliferation in the cells deficient in PGAMI1, ALDOC,
PGK1, PCKGM, respectively, but could not exhibit its anti-
cancer property in the PFKL-knockout ESCC cells (Fig. 5C),
indicating that PFKL is required for the anticancer bioactivity of
penfluridol.
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Figure 3

Penfluridol activates AMP-activated protein kinase (AMPK) signaling in ESCC cells. (A) Ingenuity pathway analysis (IPA) sug-

gesting AMPK pathway may be involved in the action mechanism of penfluridol in cancer cells. (B) Western blotting analysis of p-AMPK, and p-
p70S6 expression in the KYSE30, KYSE150 and KYSE270 cells treated with different concentrations of penfluridol. (C) and (D) KYSE150 and
KYSE270 cells were treated with 2-deoxy-D-glucose (2-DG) (0, 5, 10, and 20 mmol/L) for 24 h, WST-1 assay was taken to measure cell viability
(C), and Western blotting was performed to detect expression levels of p-AMPK and AMPK (D). (E)—G) KYSE150 and KTSE270 cells were
treated with penfluridol (5 pumol/L) for 48 h in the presence or absence of compound C (0.5 pumol/L), WST-1 assay was taken to measure cell
viability (E), flow cytometry analysis was used to determine cell apoptosis (F), and Western blotting was performed to detect expression levels of
caspase-3 and cleaved caspase-3 (G). Data are mean + SD, n = 3; *P < 0.05; **P < 0.01; ***P < 0.001 compared to control group.

As one of the rate-limiting enzymes in glycolysis, PFKL plays
an important role in cancer progression™'?, but its biological
function and clinical significance in ESCC is unknown. Next, we
examined the effect of PFKL silencing on ESCC cell proliferation.
PFKIL-deficient stable cell lines, KYSE150-sgPFKL#1 and
KYSE150-sgPFKI#2 as well as KYSE270-sgPFKL#1 and
KYSE270-sgPFKL#2, were established (Fig. 5D). As shown in
Fig. 5E and F, the abilities of the PFKL-knockout ESCC cells to
proliferate and form colonies in vitro were markedly inhibited.
Moreover, overexpression of PFKL increased cell proliferation in

ESCC cells (Supporting Information Fig. S5A and S5B). To
examine the role of PFKL in ESCC tumorigenesis in animals,
PFKL-deficient ESCC cells were subcutaneously injected into
flanks of nude mice, and found to form smaller tumors than
control cells, with decreases of 73.2% and 64.3%, respectively
(Fig. 5G). Immunohistochemical staining experiment indicated
that the suppressive effect of PFKL silencing on tumorigenesis
was attributed to lower Ki-67 cell proliferation index (Fig. SH).

To study the clinical relevance of PFKL, we detected PFKL
expression in a tissue microarray containing 206 cases of ESCC
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Figure 4 The AMPK/FOXO3a/BIM regulatory axis mediates the anticancer effect of penfluridol. (A) Western blotting analysis of FOXO3a
expression in the nuclear and cytoplasmic extracts of ESCC cells, with lamin B and GAPDH as internal controls. (B) KYSE150 and
KYSE270 cells were exposed to penfluridol for 24 h, and Western blotting was performed to detect FOXO3a and BIM expression. (C) Immu-
nofluorescent staining showing the subcellular localization of FOXO3a in the presence or absence of penfluridol. (D) The mRNA expression of
BIM was detected by quantitative real-time polymerase chain reaction (QRT-PCR). (E) The dual luciferase reporter assay showing the effect of
penfluridol on luciferase activity of BIM promoter in KYSE150 and KYSE270 cells. (F) Chromatin immunoprecipitation (ChIP) assay was used to
verify the binding of FOXO3a to BIM promoter. (G) The diagram illustrating the mutation design of BIM promoter construct. (H) Dual luciferase
reporter assay was used to detect the effect of penfluridol on activity of BIM promoter in ESCC cells transfected with plasmid expressing wild-
type or mutated BIM promoter. (I)—(L) KYSE150 and KYSE270 cells were treated with penfluridol in the presence or absence of compound C,
subcellular distribution of FOXO3a (I), as well as expression levels of p-AMPK, AMPK and BIM, were determined by Western blotting (K), the
subcellular localization of FOXO3a was detected by immunofluorescence (J), and the luciferase activity of BIM promoter was measured by dual
luciferase reporter (L). Data are mean £+ SD, n = 3; ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001 compared to control group.
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High phosphofructokinase, liver type (PFKL) expression contributes to tumorigenesis and correlates with poor prognosis in ESCC.

(A) Schematic diagram showing the drug affinity response target stability (DARTS) technology for identification of the target proteins of pen-
fluridol. (B) Potential target proteins of PFKL identified by DARTS and mass spectrometry. (C) The cell viabilites of penfluridol-treated ESCC
cells were determined when the potential target proteins were silenced, including fructose-bisphosphate C (ALDOC), PFKL, phosphoglycerate
(PGK1), PCK2 and phosphoglycerate mutase 1 (PGAM1). (D) Successful knockout of PFKL in KYSE150 and KYSE270 cells. (E) and (F) WST-
1 and colony formation assays showing the effect of PFKL silencing on ESCC cell proliferation. (G) Tumor growth curves showing the effect of
PFKL knockout on growth of ESCC tumor xenografts (n = 6). (H) Immunohistochemistry was performed to compare the Ki-67 proliferation
index in the tumors among groups (n = 3). (I) Representative images of PFKL staining in ESCC tumor and nontumor tissues. (J) Kaplan—Meier
analysis showing the suivival of 206 ESCC patients based on tumor PFKL expression. (K) Tumor PFKL expression is correlated with the survival
of patients with breast cancer, brain cancer and acute myeloid leukemia. Data are mean + SD; ns, no significance; *P < 0.05; **P < 0.01;
##%P < 0.001 compared to control group.
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Table 1  Correlation between PFKL expression levels and
clinicopathological parameters in 206 cases of esophageal
cancer.

Variable n Low PFKL  High PFKL P value
Age (years)

<55 32 20 12

>55 174 106 68 0.866
Gender

Female 46 33 13

Male 160 93 67 0.094
T-stage

172 37 28 9

3/4 169 98 71 0.045*
N-stage

NO 89 66 23

N1/N2/N3 117 60 57 0.001%#**
Grade

I& 10 156 102 54

I & IV 50 24 26 0.028%*

*P < 0.05; **#*P < 0.001.

tumor tissues and 135 cases of nontumor tissues by immuno-
histochemistry. As shown in Fig. 5I and 38.8% (80/206) of
tumor tissues showed high PFKL expression, whereas only 4.4%
(6/135) of nontumor tissues showed high PFKL expression. In
contrast, only 61.2% (126/206) of tumor tissues displayed low
PFKL expression, whereas 95.6% (129/135) of nontumor tissues
showed low PFKL expression. Moreover, PFKL expression was
significantly associated with pathologic T stage and tumor grade
(Table 1). Kaplan—Meier survival analysis revealed that the
patients with high tumor PFKL expression had significantly
shorter survival (median survival = 12.0 months) than the pa-
tients with lower tumor PFKL expression (median
survival = 30.0 months) (Fig. 5J). Analysis of data from the
gene expression profiling interaction analysis database confirms
that tumor PFKL expression could predict the survival of pa-
tients with breast cancer, brain cancer and acute myeloid leu-
kemia®® (Fig. 5K). Collectivelly, these data illustrate that PFKL
promotes tumorigenesis and is a potential prognostic biomarker
in ESCC.

3.6. PFKL is essential for the bioactivity of penfluridol in
regulating glycolysis and AMPK/FOXO3a/BIM signaling

We further investigated the importance of PFKL in the inhibitory
effect of penfluridol on glycolysis. PFKL-deficient ESCC cells
were exposed to penfluridol, and the Seahorse glycolytic rate
assay was performed to analyze the changes in ECAR level.
Unlike the significant repressive effect in KYSE150 and
KYSE270 parental cells as shown in Fig. 2A, no obvious change
in the glycolysis and glycolytic capacity was observed when the
PFKL-knockout KYSE150 and KYSE270 cells were treated with
penfluridol (Fig. 6A). Similarly, penfluridol could not affect the
glucose consumption or lactic acid production when PFKL was
silenced in ESCC cells (Fig. 6B). These data demonstrate that the
PFKL-deficient cells were relatively resistant to penfluridol.

We next studied the function of PFKL in anticancer effect of
penfluridol. The results from cell viability and colony formation
assays showed that knockout of PFKL markedly weakened the
inhibitory effect of penfluridol on ESCC cell proliferation
(Fig. 7A and B), whereas overexpression of PFKL had an opposite
effect (Fig. S5C and S5D). Annexin V-FITC/PI staining indicated
that silencing of PFKL significantly attenuated the effect of pen-
fluridol on ESCC cell apoptosis (Fig. 7C), which was also
confirmed by Western blotting analysis of cleaved caspase-3
expression (Fig. 7D). Furthermore, the effect of penfluridol on
AMPK/FOXO3a/BIM signaling was determined in PFKL-
deficient ESCC cells. As shown in Fig. 7D—F, penfluridol did
not cause the activation of AMPK pathway or nuclear accumu-
lation of FOXO3a in KYSE150 and KYSE270 cells when PFKL
was silenced. Accordingly, penfluridol treatment did not change
the luciferase activity of BIM promoter or the protein expression
of BIM (Fig. 7D and G). Together, as a direct target, PFKL me-
diates the anticancer effect of penfluridol in ESCC.

3.7.  Asp-226, Arg-253, and Leu-257 of PFKL are required for
anticancer property of penfluridol

PFKL protein was purified and SPR assasy was performed to
confirm that PFKL is the target of penfluridol in vitro. The results
from SPR assay show that PFKL can bind to penfluridol with a Kd
of 1.4 x 1078 (Fig. 8A). We next investigated how penfluridol
regulates PFKL in ESCC cells, and found that penfluridol had no
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Figure 6

PFKL is important for the function of penfluridol in inhibiting glycolysis. (A) ECAR was measured in the PFKL-deficient KYSE150

and KYSE270 cells treated with penfluridol. (B) Comparison of glucose consumption and lactate production in PFKL-knockout cells exposed to
penfluridol. Data are mean &+ SD, n = 3; **P < 0.01; ***P < 0.001 compared to control group.
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Figure 7

PFKL is required for the bioactivity of penfluridol in regulating AMPK/FOXO3a/BIM signaling and tumorigenesis. (A)—(C) Cell

viability assay (A), colony formation assay (B), and flow cytometry analysis (C) were performed to determine the effect of penfluridol on
proliferation and apoptosis in PFKL-deficent KYSE150 and KYSE270 cells. (D)—(G) PFKL-deficient KYSE30 and KYSE270 cells were treated
with penfluridol, Western blotting (D and E), immunofluorescence (F), and dual luciferase reporter assays (G) were used to detect the subcellular
distribution of FOXO3a, expression levels of p-AMPK, AMPK, BIM, cleaved caspase-3, caspase-3, and luciferase activity of BIM promoter. Data
are mean + SD, n = 3; ns, no significance; **P < 0.01; ***P < 0.001 compared to control group.

effect on the protein expression of PFKL (Fig. 8B). Since PFKL is
a key enzyme in glycolysis, we hypothesized that penfluridol can
inhibit glycolysis by affecting the activity of PFKL. The enzyme
activity experiment showed that PFKL activity was significantly
inhibited in the penfluridol-treated ESCC cells in a dose-
dependent manner (Fig. 8C), and the similar results were
observed in tumor xenografts (Fig. 8D). During glycolysis, PFKL
catalyzes fructose 6-phosphate to FBP (Fig. 8E). Our results show
decreased FBP level in penfluridol-treated ESCC cells and tumor
xenografts, confirming that penfluricol can inhibit glycolysis in
ESCC in vivo and in vitro (Fig. 8F and G). In addition, we treated
KYSE150 and KYSE270 cells with penfluridol in presence or
absence of FBP, and determined the cell viability. As shown in
Fig. 8H, addition of FBP markedly abrogated the repressive effect
of penfluridol on ESCC cell proliferation, which confirmed that
inhibited glycolysis in penfluridol-treated cancer cells was
attributed to decreased PFKL activity.

Molecular docking was used to predict the binding sites of
penfluridol in PFKL, and Thr-193, GIn-197, Asp-226, Arg-253,
Leu-257, His-453 and Ala 456 of PFKL are most likely to be
required for the binding of penfluridol to PFKL (Fig. 8I). We
constructed three plasmids expressing different PFKL mutants,

in which Thr-193 and GIn-197 were mutated and designated as
mutant#1, Asp-226, Arg-253 and Leu-257 were mutated and
designated as mutant#2, His-453 and Ala-456 were mutated and
designated as mutant#3 (Fig. 8J). The PFKL-deficient KYSE150
and KYSE270 cells were overexpressed with wild-type PFKL
and three different mutant PFKL, respectively, and treated with
penfluridol. The results from WST-1 and colony formation as-
says show that wild-type PFKL, mutant#1, and mutant#3, but
not mutant#2, significantly restored the sensitivity of PFKL-
deficient ESCC cells to penfluridol to a level comparable to
parental cells (Fig. 8K and Supporting Information Fig. S6A).
Furthermore, the important role of PFKL in anticancer property
of penfluridol was evaluated in animal model. PFKL-deficient
KYSE270 cells and those further re-overexpressed with wild-
type and mutant#2 PFKL, respectively, were subcutaneously
injected into nude mice to establish tumor xenografts. Each
group was divided into two sub-groups and then treated with
penfluridol or vehicle. Penfluridol did not inhibit growth of the
tumor xenografts derived from PFKL-knockout cells. More
importantly, the antitumor effect of penfluridol was recovered
when the cells were re-overexpressed with wild-type PFKL, but
not the mutant#2 (Fig. 8L). Then, the expression of cleaved
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Figure 8  Asp-226, Arg-253, and Leu-257 sites in PFKL are the binding sites required for anticancer bioactivity of penfluridol. (A) Surface
plasmon resonance (SPR) result showing that binding of PFKL protein to penfluridol. (B) Western blotting analysis of PFKL expression in
KYSE150 and KYSE270 cells treated with penfluridol. (C) Penfluridol inhibited the activity of PFKL in KYSE150 and KYSE270 cells in a dose-
dependent manner. (D) Penfluridol inhibited the activity of PFKL in ESCC tumor xenografts (n = 3). (E) The diagram showing the process of
glycolysis. (F) and (G) Penfluridol reduced fructose 1,6-bisphosphate (FBP) level in ESCC cells (F) and tumor xenografts (n = 3) (G). (H) WST-1
assay was used to determine the cell viability in KYSE150 and KYSE270 cells exposed to penfluridiol (5 pmol/L) in the presence or absence of
FBP (0.5 pumol/L) for 24 h. (I) The homology modeling structure predicting the binding sites of penfluridol on PFKL protein. (J) Schematic
diagram of PFKL mutation. (K) The PFKL-deficient KYSE150 and KYSE270 cells re-overexpressed with the plasmid expressing PFKL-WT,
PFKL-Mut#1, PFKL-Mut#2 or PFKL-Mut#3, respectively, were treated with penfluridol for 24 h and cell activity was detected by WST-1
assasy. (L) The pictures and tumor volume showing that the antitumor effect of penfluridol was recovered when the PFKL-deficient ESCC
cells were re-overexpressed with wild-type PFKL, but not the mutant PFKL (n = 5). (M) Western blotting analysis of p-AMPK, AMPK, BIM,
cleaved caspase-3, caspase-3 expression in the indicated tumor xenografts treated with penfluridol or vehicle. Data are mean + SD; ns, no
significance; *P < 0.05; **P < 0.01; ***P < 0.001 compared to control group.
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caspase-3 and AMPK/FOXO3a/BIM signaling of tumors were
detected by Western blotting. As shown in Fig. 8M, penfluridol
treatment did not change the expression of cleaved caspase-3 or
AMPK/FOXO3a/BIM  signaling in the PFKL-deficient
KYSE270 cells and the cells re-overexpressing mutant#2
PFKL. To determine which of Asp-226, Arg-253, and Leu-257
was essential for the anticancer effect of penfluridol, we

constructed two plasmids expressing PFKL-mut226, in which
Asp-226 was mutated, and PFKL-mut253/257, in which Arg-253
and Leu-257 were mutated, respectively. Since the Arg-253, and
Leu-257 sites are close to each other, they were mutated in the
same plasmid. The data from WST-1 assay show that Arg-253
and Leu-257 were more important for the anticancer bioac-
tivity of penfluridol (Fig. S6B). The finding on the binding sites
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Penfluridol exerts antitumor activity in the Patient-derived xenograft (PDX) models with high PFKL expression. (A) and (B) Three

patient-derived xenografts were established in immunodeficient mice, and the mice were given penfluridol (18 mg/kg) or vehicle by oral
administration weekly. Penfluridol significantly inhibited the growth of PDX#1 and PDX#2 tumors, but has no effect on PDX#3 (n = 5). (C) The
expression of PFKL was examined by immunohistochemistry in a tissue microarray consisting of 67 cases ESCC tissues. (D) Quantification of Ki-
67 proliferaton index in PDX#1 and PDX#2 tumors (n = 3). (E) FBP level in PDX tumors among groups (n = 3). (F) Western blot showing the
expression of p-AMPK, AMPK, BIM, cleaved caspase-3 and caspase-3 in PDX tumors. Data are mean £+ SD; ns, no significance; **P < 0.01;

*#*%P < 0.001 compared to control group.
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illustrates the pharmacological mechanism of penfluridol, and
further provide clues for possible drug reformulation and iden-
tification of potential lead compounds with higher treatment
efficiency in future.

3.8.  Penfluridol exerts strong antitumor activity in the PDX
models with high PFKL expression

Three PDX models were established by implanting tumor speci-
mens from ESCC patients into immunodeficient mice (Fig. 9A).
As shwon in Fig. 9B, penfluridol significantly inhibited the growth
of PDX#1 and PDX#2 tumors, but almost had no effect on PDX#3
tumors. Interestingly, immunohistochemical staining of the three
human ESCC specimens, from which the three PDX models were
derived, revealed that the tumor#1 and tumor#2 displayed high
PFKL expression, but only weak PFKL expression was observed
in the tumor#3 (Fig. 9C). This may explain why the PDX models
displayed different level of response to penfluridol treatment. We
also observed that the proliferation marker Ki-67 in PDX#1 and
PDX#2 were obviously decreased by penfluridol (Fig. 9D). We
further determined the level of FBP in the PDX tumors and noted
that treatment of penfluridol suppressed the glycolysis as shown in
Fig. 9E. Moreover, penfluridol treatment resulted in the activation
of AMPK signaling, and increased expressions of BIM and
cleaved caspase-3 (Fig. 9F). At the same time, penfluridol treat-
ment did not result in toxic effects on liver, lung and kidney of
mice (Supporting Information Fig. S7A). Moreover, no significant
difference in white blood cells, red blood cells, serum alanine
transaminase or aspartate transaminase level was observed in the
penfluridol-treated mice (Fig. S7B), suggesting that penfluridol
had no side effect on animals.

4. Discussion

Cancer is a disease of tissue growth regulator failure, in this
process, cancer cells must overcome enormous energy chal-
lenges™’. As an energy sensor, AMPK is activated to increase ATP
production and reduce ATP consumption under cellar energy
stress*'. In this study, we identified penfluridol as a inhibitor of
glycolysis, which could reduce glucose consumption and lactate
production in cancer cells, leading to the activation of AMPK. The
specific inhibitor of AMPK, compound C, significantly weakened
the anticancer effect of penfluridol in ESCC cells, consolidating
the importance of AMPK signaling pathway in action mechanisms
of penfluridol (Fig. 3). FOXO3a, a member of the FOXO sub-
family of forkhead transcription factors, plays a critical role in a
variety of cellular processes by regulating the expression of
downstream target genes****. The activation of FOXO3a mainly
depends on the transport of FOXO3a between nucleus and cyto-
plasm, which is regulated by a series of phosphatases, such as
AKT and AMPK**. AMPK activates FOXO3a under conditions of
energy stress and regulates the expression of genes including p27
and BIM****. As one of the BH3-only proteins of BCL-2 family, a
subclass of proapoptotic proteins, BIM acts at an apical step to
initiate apoptosis*’. In addition to the fact that BIM expression is
downregulated in a variety of tumors’®, BIM-targeting therapies
may provide a more effective intervention in cancer manage-
ment*®. In this study, we found that penfluridol increased nuclear
accumulation of FOXO3a and expression level of BIM, which
induced cell apoptosis to suppress tumorigenesis in vitro and
in vivo (Fig. 4). These findings not only uncovered the action
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Figure 10  Schematic diagram summarizing how penfluridol sup-
presses glycolysis and tumorigenesis.

mechanims of penfluridol, but also provided a novel anticancer
agent targeting AMPK/FOXO3a/BIM regulatory axis.

Secondly, PFKL was identified as the direct target to mediate
the anticancer effect of penfluridol. PFKL is one of the most
important rate-limiting enzymes in glycolysis, but its role in
human cancer remains to be elucidated, in particular, functional
and clinical significance of PFKL in ESCC is unknown. Here, we
reported for the first time that PFKL expression is frequently
upregulated in tumor tissues, which could predict poor prognosis
of the patients with ESCC. The in vitro and in vivo functional
assays supported that PFKL contributes to tumorigenesis in ESCC
(Fig. 5), suggesting that PFKL is an attracting therapeutic target
for cancer treatment. Our findings were corroborated by the recent
studies showing that PFKL is upregulated in breast cancer and
liver cancer’, and associated with patient survival*’**®. In our
study, a combination of DARTS technology and mass
spectrometry-based proteomics, as well as SPR assay, revealed the
direct binding of penfluridol to PFKL. More importantly, based on
the molecular docking data, a series of functional and mutagenesis
assays demonstrated that penfluridol could not exert is anticancer
bioactivity in PFKL-deficient ESCC cells (Figs. 6 and 7). As
shown in Fig. 8 and Fig. S6, the Arg-253 and Leu-257 of PFKL
are required for the anticancer property of penfluridol. Our find-
ings here provide the first evidence that PFKL contributes to
ESCC tumorigenesis and could be a potential therapeutic target in
ESCC. More importantly, PFKL protein expression status could be
a useful biomarker to stratify ESCC patients for guiding individ-
ualized therapy.

According to the global cancer statistics in 2018, the incidence
of esophageal cancer ranks seventh, the overall mortality rate
ranks sixth worldwide*’. ESCC is the main histological sub-type
of esophageal cancer, and more than 90% of esophageal cancer
in China are ESCC". Due to the lack of effective treatment, the
five-year survival rate of ESCC patients is less than 20% in
developed countriesIn many developing countries where most
cases occur, the five-year survival rate is less than 5%°'. Identi-
fication of key oncogenes and screening of therapeutics for
treatment of ESCC are urgently needed. Emerging evidences
suggest that drug repositioning is a faster and more effective
strategy for identification of existing drugs with new indication,
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which are safer and have clear descriptions of pharmacokinetics
and physicochemical properties. By using phenotypic screening,
increasing studies™”, including ours'"'®, reported the new
indication in oncology of existing drugs. For example, anti-
allergic drug azelastine was found to suppress colon tumorigen-
esis by directly targeting ARFI1. In present study, a high-
throughput screening was performed in a compound library con-
sisting of 1320 FDA-approved small molecule drugs. Penfluridol,
an antipsychotic drug used to treat schizophrenia, was found to
exhibit anticancer property in vitro and in vivo. Our finding was
corroborated by another study, which reported that penfluridol
could suppress metastatic tumor growth in breast cancer by
inhibiting integrin signaling®*. Mechanistically, penfluridol in-
duces apoptosis to suppress tumorigenesis through inhibition of
glycolysis and activation of AMPK/FOXO3a/BIM signaling
pathway. More importantly, penfluridol significantly suppressed
the growth of PDX tumors, and better response of the PDX tumors
to penfluridol treatment was associated with higher PFKL
expression in the corresponding tumor specimen, suggesting the
implication of PFKL expression as an indicator of drug response
for penfluridol treatment in precision medicine.

5. Conclusions

In summary, we performed a high-throughput screening in an
FDA-approved drug library consisting of 1320 small molecules,
and revealed that penfluridol, a drug to treat schizophrenia in
clinic, could suppress ESCC tumor growth in vitro and in vivo. By
integrating DARTS technology, proteomics and SPR assay, we
identified PFKL as a direct target of penfluridol. We reported for
the first time that PFKL contributes to tumorigenesis and is
required for the anticancer bioactivity of penfluridol. Mechanis-
tically, direct binding of penfluridol and PFKL inhibits glycolysis
to activate AMPK/FOXO3a/BIM signaling, therefore suppressing
tumorigenesis (Fig. 10). Taken together, PFKL may be a prom-
ising prognostic biomarker and therapeutic target in ESCC, and
our study provides a preclinical rationale for development of
penfluridol as a potential drug for the treatment of ESCC.
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